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ABSTRACT: Electrophoretic separation was first demonstrated in the year of 1807 and has since been a
staple tool used by biologists and chemists for more than a century since its inception. From the initial
crude paper electrophoresis system to today’s modern automated electrophoresis system, the
development of electrophoresis systems have been driven by the advancement of technology such as
miniaturization, precision engineering, biochemistry, electrical and electronics. These advancements
were introduced to meet the requirement for faster and better resolution of results. This paper reviews the
evolution of the electrophoresis technology over one century and provides an insight into the possible
future development of electrophoresis. Various aspects of the electrophoresis system such as the
performances, designs, usages, separation phases, and biochecmistry were analysed. The technological
advancements for this field have been evidenced by the increasing complexity of the electrophoresis
system. A peek into the possible future for the world of electrophoresis has been provided by drawing
insights from the missing links of current technologies. It is both exciting and equally perplexing to explore
the promises that this seeming simple separation technology holds for the future.
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INTRODUCTION
Historical development of electrophoresis
The concept of electrophoresis was discovered a couple of centuries ago, in 1807 by Ruess [1] who
conducted an experiment of applying an electrical current through a suspension of clay in water. He noted the
migration of particles towards the anode. However, it was not until the year 1942, when Coleman and Miller [2],
conducted an experiment and discovered the migration of neutral hexose toward the anode with a borax (sodium
borate) solution that electrophoresis became a major scientific method. Many different type of variable experiments
was carried out to determine the usage and limitations for the electrophoresis of other compounds, such as those
containing adjacent “–OH” groups and also high concentration of neutral sugars [3, 4, 5]. After a successful
separation of sugar was conducted in 1952 by Consden and Stanier [6], electrophoresis was then used for DNA
and RNA separation. Around the 1970’s, advancements in the process of electrophoresis in the area of DNA and
RNA separation flourished, with most of today’s current technology in electrophoresis emerging from then and is
still being used until the present time.
Some of the notable experiments conducted during the 1970’s were by Richards et. al. [7] who used a Trisbased media to separate RNA, introducing the use of Tris media, Tris-acetate-EDTA (TAE) and Tris-borate-EDTA
(TBE), as the buffer solution for subsequent studies. Another experiment which defined the usage of
electrophoresis as a tool for analysis of DNA was conducted by Danna et. al. [8] in which they introduced the usage
of restriction enzyme, produced by Hemophilus inXuenzae, to determine the relative molarity and length of
fragments of SV40 DNA. The use of ethidium bromide as a DNA stain was introduced when it was used in the
conductive medium to show the differences between linear and circular DNA by Aaij and Borst in 1972 [9].
For the conductive buffer (running buffer), Tris emerged as the dominating buffer to be used. There are no
known reasons behind Tris being the dominant buffer as there have been many alternative chemicals. Tris-borate-
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EDTA (TBE) was introduced at 1968 by Peacock, et. al., [10] and Tris acetate acid EDTA (TAE) was introduced at
1972 by two separate groups [8, 9]
In the past for DNA analysis work to be conducted to determine its size, a lengthy procedure must be
conducted [11]. Electrophoresis uses the electrical field to separate and move molecules through a sieve like
compound based on the molecular mass and charge ratio [12]. Electrophoresis is usually used for molecular
biology work (ie DNA, RNA and protein separation). The process of electrophoresis can also be used for the
analysis of chemistry compound such as water, soil and air quality or contamination, food quality and processing
hygiene and also for possible medical forensic analysis. The fundamental principle of electrophoresis is applied for
these processes with only a different type of detection system being used [13]. DNA, RNA, and protein works is not
only limited to just separation. Electrophoresis can also be used as a purification process. This is usually done in
cases where the research is limited to specific targets of interest, for example a membrane protein or a specific
gene. In this situation, electrophoresis is used to separate and the protein or gene of interest is excised out from
the entire sample [13].
Types and advancement of Electrophoresis
Since the introduction of electrophoresis into the scientific world, many changes and improvements to the
resolution, resolving, and efficiency abilities has been made to the system. From the basic paper electrophoresis to
the highly advance automated microchip electrophoresis system, each different system has its own functionality
and unique usage.
Paper electrophoresis
Paper electrophoresis is one of the simplest techniques of electrophoresis. In this technique the sample is
applied onto a point of a strip of filter paper that has been moisturized with a buffer solution. Each end of the strip is
then dipped into separate tanks containing the buffer solution and a different electrode (anode or cathode). An
electric current is then applied and the sample will then move towards the electrode with the opposite polarity.
When the process is done, the strip is then dried and viewed with a detection system [14].
This technique has often been compared to paper chromatography due to their similarity in their mode of
action. However, the difference between these two systems is that chromatography separates a sample based on
its polarity while electrophoresis separates the sample based on its charge by applying a running electrical charge
from one terminal to the other [14].
Agarose gel electrophoresis
Agarose is a polysaccharide that is able to form pores with sizes ranging from 100 to 300 nm in diameter,
with the size of the pore correlating with the concentration of the agarose gel. The higher the concentration of the
agarose gel the smaller the pore size.
Agarose gel electrophoresis is often used to separate DNA or RNA fragments of different length. This
technique involved the movement of charged molecule in an electric field, in which a positive and negative
electrode (i.e. anode and cathode), will allow the negatively charged DNA or RNA molecules to migrate from the
negative electrode to the positive electrode. The molecules are separated based on their length, size and structure
[15].
Polyacrylamide gel electrophoresis
There are two types of gel; dissociating and non-dissociating gel. A non-dissociating gel separates the
proteins in their native form, which helps to conserve the protein structures, functions and activity. It is useful when
the protein of interest is wanted at the end of the procedure for experiment. A dissociating gel denatures the protein
into its constituent polypeptides. It is commonly used to determine the polypeptide composition of the sample [14].
Native gel electrophoresis is a non-denaturing gel that has a higher resolving power than the SDS-PAGE.
It is also used for protein separations. However, it does not denature the proteins, unlike SDS-PAGE which does
[15].
Polyacrylamide gel electrophoresis consist of polyacrylamide gel, which is made up of chains of acrylamide
monomers (CH2=CH-CO-NH2) that is cross linked with
N, N′-methylenebisacrylamide units (CH2=CHCO-NH-CH2-NH-CO-CH-CH2), also commonly known as a “bis”. The pore size of the polyacrylamide gel is also
determined by the concentration of “bis”. Polyacrylamide gel is used to separate strands of DNA molecules whose
size is very close to each other, often by one nucleotide such as in SNP, and also proteins. This is because the
polyacrylamide gel has a much higher resolving power than agarose gel electrophoresis [16].
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a low cost, reproducible and
rapid method for quantifying, comparing and also to characterize protein, peptides and small molecular weight
nucleic acids [17]. This technique of electrophoresis separates proteins by their molecular weight [18].
There are two variant of the SDS-PAGE technique, the gradient and SDS-Urea gels. Both are based on
the SDS-PAGE electrophoresis but with a higher resolving power based on the needs of the sample. Gradient gels
are often used to separate small and large proteins in a single gel. SDS-Urea gels are used when the charge of the
proteins is significantly relative to the mass of the protein, such as membrane proteins and immunoprecipitates as
SDS-urea gel helps to solubilizes, denatures and dissociates the polypeptides chains without altering the proteins
intrinsic charge, allowing the proteins to be separated base on their net charge [15].
Denaturing Gradient Gel Electrophoresis (DGGE) and Temperature Gradient Gel Electrophoresis (TGGE)
Denaturing Gradient Gel Electrophoresis (DGGE) is a method that is employed to separate PCRgenerated DNA products for molecular fingerprinting. DGGE is different from conventional agarose gel
electrophoresis as it separates the PCR products based on its sequence size differences and also its rate of
denaturing. This specialty makes it important as conventional agarose gel electrophoresis only separates based on
size only, which makes it improbable for molecular fingerprinting as some samples may have PCR fragments of
similar size, thus forming only a single band or bands that are only slightly distanced apart it is impossible to
determine [19].
As the samples pass through the gradient denaturing gel, it slowly denatures as the concentration of
chemical denaturant in the polyacrylamide gel. When the sample reaches a threshold denaturant concentration,
PCR samples with weaker bonds will denature much quickly, thus its migration along the polyacrylamide matrix will
slow down dramatically, forming a more diverse set of bands which can then be easily compared to references
online [19].
The other type of gel is TGGE, which functions principally similar to those of DGGE, except it uses a
temperature gradient as its separating function. In TGGE, the gradient temperature is introduced perpendicularly
from the sample running directions. This allows the sample to migrate from the low temperature to the high
temperature, which allows the sample to denature accordingly based on site mutations. TGGE enables researchers
to distinguish single base pair mutation in a single sample as the denaturing point could be either higher or lower
from the original sample [20].
Isoelectric focusing and 2-dimension (2D) gel electrophoresis
Isoelectric focusing is a technique of separating the proteins based on their net charge, or also known as
the isoelectric point of the protein. This is done by placing the sample of proteins in a pH gradient slab that is
generated by an electric field. This will cause the proteins to migrate in the pH gradient field until it reaches a pH in
which its isoelectric point is zero [21, 22].
For 2D gel electrophoresis, the system utilizes the SDS-PAGE and isoelectric focusing techniques. The
technique of 2D gel electrophoresis separates the proteins based on their size and also their isoelectric point, thus
giving a much better resolution of the protein and can also be used to separate a protein if the charge and size of
the protein is known.
The advantage of the higher resolving power of the isoelectric focusing and 2D electrophoresis techniques
allows for rapid and accurate analysis of proteins. However, with such high sensitivity there is a higher chance of
getting errors. These techniques are highly sensitive to charge differences, and as such the samples needed to be
handled with care, as any interactions of the sample with other lipids or other proteins may cause a change in the
charge of the protein of interest, thus getting a negative result [22].
Zymography
Zymography is an electrophoresis technique which allows enzyme activity to be analysed in situ after the
process of electrophoresis has been conducted on the enzyme [23]. This technique is important as it allows the
researcher to characterize the protein or enzyme on the gel without the need for the researcher to purify the protein
or enzyme of interest via excising the band from the gel and “cleaning” or extracting the band from the gel before
any test could be conducted on it [24]. The use of zymography allows researchers to save time by removing the
need to conduct such steps for protein or enzyme characterization.
There are many ways for zymography staining to be conducted. A paper by Coughlan [24] explains some
of the methods used such as immersing the gel in a chemical reagent which highlights the bands on the gel.
Another method mentioned is the use of second gel which is run concurrently with the gel containing the samples,
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in which the second gel contains auxiliary enzymes and chromogenic reagents which allow the bands of interest to
be detected on the second gel and allows for immunological detection [24].
One of the advantages of zymography over conventional assays is that it allows the enzyme activity to be
studied based on their physical characteristics such as molecular weight or isoelectric point [23]. As the
examination of the sample is conducted on the gel, many other factors can be studied such as posttranslational
modification of a particular enzyme, heterogeneity of enzyme isoforms and studying enzyme activitiy in their native
state, in which such studies cannot be conducted in standard conventional assays [23].
The application of zymography can vary from analyzing of ribonucleases using normal electrophoresis or
isoelectric focusing, two-dimensional analysis of bacteria, fungal works, and also for detection and characterization
of microbial proteases [25, 26, 27, and 28]. Zymography is also used as a way to double check on result, which
enables researchers to check on suspected protein-protein or enzyme interaction [29]
Pulsed-field electrophoresis
For very large DNA molecules around 30 to 50kb, it is not capable to be separated using normal
electrophoresis process [30]. This is because as the large DNA molecule migrates along the gel using normal
electrophoresis, one end of the molecule will penetrate the matrix while the rest of the molecule trails along,
forming a “snake” like smear [30]. Pulsed-field electrophoresis was therefore created to counter this situation. In
this process, the electrical voltage periodically switches between three directions, one that runs through the central
axis of the gel and two that run at an angle of 120 o on each side of the gel. With this, the large DNA molecule is
allowed to re-orientate, thus preventing the formation of the “snake” like smear. However, the larger the molecule
the longer it will take to re-orient [30].
Capillary electrophoresis
Capillary electrophoresis is carried out in very thin capillary tubes, with about 1 to 10 µm inner diameter,
that is usually made out of glass, quartz or plastic. The tube is then filled with any of the required buffer such as
Laemmli for proteins or TAE buffer for agarose related work. A capillary electrophoresis run is very short, thus it is
very useful for analytical work. Also, each reaction only takes a small amount of materials due to the small size of
the capillary tubes. Capillary electrophoresis is suitable for use in genetic analysis, pharmaceuticals with
enantiomers, counter-ion analysis in drug discovery, and protein characterization [14].
Many types of capillary electrophoresis systems exist. Some examples of are the micellar electrokinetic
capillary chromatography, capillary electrochromatography, and the capillary array electrophoresis. Capillary array
electrophoresis is an automated system that is often used for large scale projects, such as the Human Genome
Project, as it allows massive screening of samples simultaneously [31]. Micellar electrokinetic capillary
chromatography (MEKC) is used when the sample being analyzed contains a mixture of natural organic substance
with similar chemical structure [32]. An ionic surfactant is mixed into the background electrolyte with a
concentration higher than the critical micelle concentration. This allows the formation of charged micelles, which
allows for the sample to migrate at a pseudostationary phase in the aqueous phase causing the separation to
separate differently in the run [32]. Capillary electrochromatography (CEC) is alike to liquid chromatography, except
it uses an electrical field to propel the mobile phase through the stationary phase [33, 34]. This allows it to have a
higher efficiency capillary zone electrophoresis and high performance liquid chromatography. The application uses
a capillary with a very small diameter that is packed with a solid stationary phase, in which it allows for the electrical
field to move the mobile phase through it, reduced plate heights as a result of the plug flow profile and the ability to
use smaller particles leading to higher peak efficiency than is possible in pressure driven systems [33, 34].
There are numerous ways to detect and accumulate the data from the samples. One example of detection
systems used for capillary electrophoresis is laser induced fluorescent; the detection limit is increase, as it is able
to detect smaller concentration of sample but it is a much harder and more expensive detection system to use [14].
Another method used is by the electrically floating conductivity detection system. This system is designed to be
separated from the main capillary electrophoresis body. The detection system detects the conductivity by
measuring the electrodes. The electrical signal that is generated by the electrodes will pass through the floating
electronics and transmitted via infrared to a computer as data [35]. An experiment conducted by Tristezza et. al
[36] details protocol and usage of capillary electrophoresis for the identification of protein markers in
Saccharomyces cerevisiae. In the paper, the result from using capillary electrophoresis was compared against
agarose electrophoresis to evaluate their differences in detection limit [36]. Another advantage of using capillary
electrophoresis is that due to its high precision and reading capabilities, it is used for estimation of unknown DNA
or RNA fragment size [37].
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Microchip electrophoresis
A further advancement to the capillary electrophoresis system, the microchip electrophoresis system
boasts a more efficient system. One of the main benefits is an increase in throughput by many folds over the
capillary electrophoresis system as the microchip systems contains numerous microchannels which allow high
throughput experiments to be conducted quickly and efficiently [38].
Another benefit is the low fabrication cost as the intricate enclose microchannels is comprised of glass or
fused silica substrates. These materials enable ultra-fast DNA separations as the sample loading formats is unique,
coupled with short separation distances and optimal thermal characteristics of the glass or fused silica substrates.
The microchip electrophoresis system is also fully automated, from sample handling to data analysis, which allows
minimal human handling and possible error [38]. Example of this system is the “lab on a chip” device.
Microchip electrophoresis uses laser-induced fluorescence and electrochemical detection method as their
detection method due to the size of the microchip and as well as the required accuracy needed to read their results
require highly accurate methods for microchip electrophoresis to work [39, 40].
Research in developing new materials for microchip electrophoresis is widely delved into by many groups
of researchers [41, 42, 43, 44]. Many different type of materials have been use to fabricate the microchip, from the
most common material such as silica and glass substrates, to poly(dimethylsiloxane), or PDMS, and
poly(methylmethacrylate), or PMMA, as a material to fabricate microchip electrophoresis via thin-casting method
[41, 42]. The advantage of this protocol reduces the cost of production and also allows faster results development.
Wang et. al. [42] also proposed new materials such as silver ink to be used as electrode for microchip
electrophoresis. The materials that are normally used as electrodes are platinum or platinum-iridium alloy, gold,
copper and aluminium [43, 44].
Fluorophore-assisted carbohydrate electrophoresis (FACE)
FACE is used to identify carbohydrates with an attached fluorescent dye by separating the carbohydrates
using a polyacrylamide gel [44]. This technique is important as carbohydrates are not charged, and is the main
technique used to analyze different types of carbohydrates such as plant and bacterial polysaccharide [44].
Another advantage to using FACE is to reduce the need for complex work such as those conducted by Gao [45].
For that project, FACE enables the researchers to simplify a process to detect lipid-linked oligosaccharides, which
would require the samples to be metabolically labeled with radioactive sugar precursors before the molecule of
interest can be detected [46].
Affinity electrophoresis
Affinity electrophoresis systems is a technique in which the resolving capability of capillary electrophoresis
is used to separate samples that undergoes specific or non-specific affinity interactions during the process of
electrophoresis [47]. This process can occur in either solution or immobilised to a solid support [48]. It is also used
to measure the binding affinity of receptors to neutral and charged ligands [49]. The use of affinity electrophoresis
is extensive in that it is able to detect affinity interactions in either free or immobilised form. Some of its uses
include detection for peptides and proteins, drugs development, detection of small molecules and also for immunoaffinity works [50-59]. There are also different types of affinity systems. For example, Taketa and Hirai [60] explain
the usage of lectin affinity for use on serum α-fetoprotein to determine the interaction between lectin and ligand.
Smith and Kelleher [61] used concanavalin A affinity chromatography as an alternative detector module.
Some of the advantages of using affinity electrophoresis is that the sensitivity of the technique allows for
more precise detection and discrimination of normal and carcinogenic proteins from the same sample [62]. Also, its
wide field of usage makes it an important technique for sampling and data collection.
Automated electrophoresis system
With the advancement of technology, it is now possible to conduct electrophoresis by using computerized
robotics and programming that enables electrophoresis protocols to be conducted automatically. Automated
systems come in many different types and form. With today’s technological advances, various types of
electrophoresis systems can be automated. For example, Michels et. al.[63] describe the works of an automated
2D capillary electrophoresis system which they used for high throughput protein analysis. Another work conducted
by Kristensen et. al.[64] shows the usage of various automated systems, including an automated electrophoresis
system, for the Human Genome Project to detect variation in the human gene. Automated electrophoresis systems
are also highly accurate and precise and can even detect single-strand conformation polymorphism in genetic
samples [65]
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One of the advance automated system is the automated buffer-less electrophoresis system which uses
pre-casted gel, either SDS or agarose, that does not require any buffer to run, which is one it biggest advantage.
The system boast the possibility to view the progress of the gel run by attaching the machine to a ultra-violet light
or blue light viewing add-on [66, 67]. It is capable of separating different types of sample by using the appropriate
gel type at high speed.
Preview of future trends
With the development of increased sensitivity in detection systems, it is possible to increase the speed and
processing of electrophoresis. This also enables researchers to use less of their samples, which is the best
advantage of capillary electrophoresis, as it will mean less preparation time and also less wastage of sample.
Although the technology of electrophoresis has advanced tremendously from the basic paper
electrophoresis system to today’s highly advance microchip electrophoresis system, there is still a basic need for
an external power supply to run the electrophoresis, more so as the system becomes more sophisticated. This
serves as a bottle neck on the usage of any electrophoresis system in that the usage of any system is limited to a
room with an external power supply. Without a power supply electrophoresis cannot be conducted. Active research
is being carried out currently to overcome these limitations (Unpublished results).
Other disadvantages of the current electrophoresis systems and techniques were investigated by Chery,
et. al. [68]. In the paper, the influence of contaminations such as vanadium and selenium can compromise gel
results, especially if the process is being left to run for a long period of time. However, the authors stressed that
more testing needed to be carried out regarding the effect of contaminations on gel results viability.
With capillary electrophoresis, a lot of care into the details, such as capillary position and gas flow rates, of
each experiment runs have to be taken to be able to reproduce the same results as differences in the settings will
generate different results for the same experiment [69].
With the advancement in technology, both in engineering and sciences, it is now possible to produce
smaller circuit boards that is light and has higher efficiencies and more efficient transformers. Portable
electrophoresis system could be built on these. Currently there is preliminary research into designing such a
system but the efficiency of such systems is still being tested. For example, Zhang et. al. [70] described their
method to design a portable capillary electrophoresis with a conductivity detector. They discussed the use of
microchip technology coupled with integrated electrodes which would act as a detector to transmit the data to be
analyzed by a separate machine to generate its result. Another research project that takes advantage of the
increasing technology development has developed a method in which the staining and de-staining of nucleic acid
to be automated and is cheap [71]. The paper describes the method, in which the researchers use day to day
materials such as a model airplane fuel pump to circulate the staining reagents via the reagent bottles to the
staining chamber, which cuts cost for low budget laboratory when compared to buying and using commercial
systems [71].
Also, there are many patents regarding increasing the efficiencies of current systems, such as using a
different buffer system or gel type, in increasing the efficiency. There is major research being done by different
groups around the world on improving currently used systems, notably the automated electrophoresis system. The
main point of the research being done is to increase the detection limit and also the reduction in the amount of
background noise [72] Also, the uses of different type of materials, such as coated capillaries, for running gel
electrophoresis and upgrading the detection system on the current equipments are also being looked into [17, 73,
74, 75, 76, 77, 78, 79, 80]. The materials being research and developed by these groups mainly focuses on
increasing the efficiencies, reproducibility and accuracy of the separation run. Work is also being done to enable
retrieval of the separated sample without damaging it [77].
CONCLUSION
The technology of electrophoresis started in the beginning of the nineteen century and even after two
centuries have passed it still remain as relevant as it has been in the separation science. Although present
electrophoresis is being done in many different ways and method that the equipment and style is so different from
the original design, yet the core principle remains the same. By following the trends in changes to the technology of
electrophoresis, the next step of development would be miniaturization and portability of systems.
Competing interest
The authors declare no competing interest.

11

Sindhological Studies, ISSN: 1032-6759, 2015 (1): 6-13
REFERENCES
Aaij, C., and Borst, P., 1972. “The gel electrophoresis of DNA”, Biochem. Biophys. Acta, 269:192-200
Akbari, A., Marthinsen, G., Lifjeld, J.T., Albregtsen, F., Wennerberg, K., Stenseth, N.C., and Jakobsen, K.S., 2008. “Improved DNA fragment
length estimation in capillary electrophoresis”, Electrophoresis, 29:1273–1285.
Bollag D.M., and Edelstein, S.J., 1999. Protein Methods. New York: Wiley-Liss, Inc.
Breborowicz, J., Mackiewicz, A. and Breborowicz, D., 1981. “Microheterogeneity of alpha-fetoprotein in patient serum as demonstrated by lectin
affino-electrophoresis.”, Scand. J. Immunol., 14:15-20.
Brody, J.R., and Kern, S.E., 2004. “History and principles of conductive media for standard DNA electrophoresis.” Anal Biochem., 333, 1-13.
Brody, J.R., and Kern, S.E., 2004. “Sodium boric acid: a Tris-free, cooler conductive medium for DNA electrophoresis”, BioTechniques, 36:214216.
Brown, T. A., 2002. Genomes 2nd ed.
Burns, M.A., 2003. “Electrophoresis in microfabricated devices using photopolymerized polyacrlyamide gels and electrode-defined sample
injection”, patent WO 2003/106963 A3.
Carretero, A.S, Cruces-Blanco, C., Ramirez, S.C., Pancorbo, A.C., and Gutieärrez, A.F., 2004. “Application of Micellar Electrokinetic Capillary
Chromatography to the Analysis of Uncharged Pesticides of Environmental Impact”, J. Agric. Food Chem, 52:5791-5795.
Chéry, C.C., Moens, L., Cornelis, R., Vanhaecke, F., 2006. “Capabilities and limitations of gel
Cole, K. D., 2001. “Electrophoresis gels”, US patent 6203680.
Coleman, G., and Miller, 1942. “Electrodialysis of sugar borates”, A. Proc. Iowa. Acad. Sci., 49:257-26.
Collier, C.F., Regester, D.J., Charles W., and Robertson, C.W., 1993. “Apparatus For Direct Blotting And Automated Electrophoresis, Transfer
And Detection And Processes Utilizing The Apparatus Thereof” US patent: 5,234,559.
Colton, I.J., Carbeck, J.D., Rao, J., and Whitesides, G.M., 1998. “Affinity capillary electrophoresis: A physical-organic tool for studying
interactions in biomolecular recognition”, Electrophoresis, 19:367-382.
Consden, S. R., and Stanier, W.M., 1952. “Ionophoresis of sugars on paper and some applications to the analysis of protein polysaccharide
complexes”, Nature, 169:783-785.
Coughland, M.P., 1985. “Staining Techniques for the Detection of the Individual Components of Celulolytic Enzyme Systems”, Biotechnol.
Genet. Eng. Rev., 3:39.
Coughlin, S.A., and Green, D.M., 1983. “Two-Dimensional Zymogram Analysis of Nucleases in Bacillus subtilis”, Anal. Biochem., 133, 322-329.
Danna, K., and Nathans, D., 1971. “Specific cleavage of simian virus 40 DNA by restriction endonuclease of Hemophilus influenza”, Proc. Nat.
Acad. Sci., 68:2913-2917.
electrophoresis for elemental speciation: A laboratory’s experience” Pure Appl. Chem., 78, 91–103.
Foster, A.B., 1957. “Zone electrophoresis of carbohydrates”, Biochem, 12:81-115.
Gao, N., 2005. “Fluorophore-assisted carbohydrate electrophoresis: a sensitive and accurate method for the direct analysis of dolichol
pyrophosphatelinked oligosaccharides in cell cultures and tissues”, Methods, 35:323-327.
Garrels, J.L., 1999. “Electrophoresis system”, US patent 5882495.
Gedera, S.C., Herzelia, U.Y., 1996. “Apparatus and Method for electrophoresis”, Patent number: 5582702, Ethrog Biotechnologies Ltd. Israel.
Gedera, S.C., Herzelia, U.Y., 1999. “Apparatus and Method for electrophoresis”, Patent number: 5865974, Ethrog Biotechnologies Ltd. Israel.
German, I., and Kennedy, R. T., 2000. “Rapid simultaneous determination of glucagon and insulin by capillary electrophoresis immunoassays”,
J. Chromatogr. B, 742:353– 362.
Hame, B.D., Rickwood, D., 1998. “Gel Electrophoresis of Proteins: A Practical Approach”, Oxford University Press.
Hammond, A., 2001. “Microchip-based capillary electrophoresis:sequencing and beyond”, Bioresearcher online (www.bioresearchonline.com).
Hashimoto, Y., Itsubiko, M., and Mutsuo, K., 1952. “Paper electromigration of Xavonoids and sugars using a high constant-voltage current”,
Nature, 170:975-976.
Heegaard, N.H.H., 2003. “Applications of affinity interactions in capillary electrophoresis”, Electrophoresis, 24:3879–3891.
Heegaard, N.H.H., Sen, J.W., Kaarsholm, N.C., and Nissen, M.H., 2001. “Conformational intermediate of the amyloidogenic protein β2microglobulin at neutral pH.”, J Biol Chem, 276:32657-32662.
Heegard, N.H.H., Nilsson, S., and Guzman, N.A., 1998. “Affinity capillary electrophoresis: important application areas and some recent
developments”, J. Chrom. B, 715:29–54.
Henco, K., Harders, J., Wiese, U., and Riesner, D., 1994. “Temperature Gradient Gel Electrophoresis (TGGE) for the Detection of Polymorphic
DNA and RNA”, Methods Mol. Serol., 31.
Huang, G. L., Yang, H., Mei, X.Y., Liu, M.X., and Ma, Y.T, 2006. “Fluorophore-Assisted Carbohydrate Electrophoresis as Detection Method for
Carbohydrate–Protein Interactions”, Appl. Biochem. Biotech., 136.
Iain H. Grant, H.I., 1995. “Capillary Electrochromatography”, Methods in Molecular Biology, 52:197-209
Iki, N., Hoshino, H., and Yotsuyanagi, T., 2000. “A Capillary Electrophoretic Reactor with an Electroosmosis Control Method for Measurement of
Dissociation Kinetics of Metal Complexes”, Anal. Chem., 72:4812-4820
Irie, T., Oshida, T., Hasegawa, H., Matsuoka, Y., Li, T., Oya., Y., tanaka, T., Tsujimoto, G., and Kambara, H., “Automated DNA fragment
collection by capillary array gel electrophoresis in search of differentially expressed gene”, Electrophoresis, 2000, 21:367-374
J. E. Prest, S. J. Baldock, P. R. Fielden, B. J. T Brown, 2001. “Determination of metal cations on miniaturized planar polymer separation devices
using isotachophoresis with integrate conductivity detection.”, Analyst, 126:433-437.
J. G. Alves Brito-Neto, J. A. Fracassi da Silva, L. Blanes, C. L. do Lago, 2005. “Understanding Capacitively Coupled Contactless Conductivity
Detection in Capillary and Microchip Electrophoresis. Part 2. Peak Shape, Stray Capacitance, Noise, and Actual Electronics”,
Electroanal., 17:1198.
Judd, R.C, 2002. “SDS-Polyacrylamide Gel Electrophoresis of Peptides”, The Protein Protocols Handbook, 2 nd. ed.
Kappes, T, and Hauser, P.C., 1998. “Portable capillary electrophoresis instrument with potentiometric detection”, Anal. Commun, 35:325–329.
Karumbaiah, L., Oppert, B., Jurat-Fuentes, J.L., and Adang, M.J., 2007. “Analysis of midgut proteinases from Bacillus thuringiensis-susceptible
and -resistant Heliothis virescens (Lepidoptera: Noctuidae)”, Comp Biochem. Physiol, 146:139–146.
Kawabata, T, Nakamura, K. and Shinji, S., 2004.“Electrophoresis”, US patent 20040144649.
Kristensen, V.N., Kelefiotis, D., Kristense, T., and Børresen-Dale, A.L., 2001. “High Throughput Methods for Detection of Genetic Variation”,
BioTechniques, 30:318-332

12

Sindhological Studies, ISSN: 1032-6759, 2015 (1): 6-13
Kuroda, Y., Watanabe, Y., Shibukawa, A., and Nakagawa, T., 2003. “Role of phospholipids in drug-LDL bindings as studied by highperformance frontal analysis/capillary electrophoresis”, J. Pharm. Biomed. Ana., , 30:1869-1877.
Laemmli, U.K., 1970. “Cleavage of Structural Proteins During the Assembly of the Head of Bacteriophage T4”, Nature, 227:680-685.
Lantz, M. And Ciborowski, P., 1994. “Zymographic Techniques for Detection and Characterization of Microbial Proteases”, Methods Enzymol.,
25:563-594.
Larsen, L.A., Christiansen, M., Vuust, J., and Andersen, P.S., 1999. “High-Throughput Single-Strand Conformation Polymorphism Analysis by
Automated Capillary Electrophoresis: Robust Multiplex Analysis and Pattern-Based Identification of Allelic Variants”, Human Mutation,
13:318.327.
Liu, C.C., Cui, D., Cai, H., Chen, X., and Geng, Z., 2006. “A rigid poly(dimethylsiloxane) sandwich electrophoresis microchip based on thincasting method.”, Electrophoresis, 27:2917–2923.
Lodish, H., Arnold, B., Lawrence, Z.S., Paul, N., David, B., and James, D.E., 2000. Mol. Cel. Biol., 4th ed.
Mathies, R.A., Huang, X.C., 1992. “Capillary array electrophoresis: an approach to high-speed, high-throughput DNA sequencing”, Nature, 359,
167-169.
Meyes, J.A., Sanche, Z.D., Elwell, L.P., and Falkow, 1976. “Simple agarose gel electrophoretic method for the identification and characterization
of plasmid deoxyribonucleic acid.”, S., J. of Bacteriol, 127:1529-1537.
Michalke, B., 1999. “Potential and limitation of capillary electrophoresis-ICP-mass spectrometry.” J. Anal. At. Spectrom., 14, 1297–1302.
Michels, D.A., Hu, S., Schoenherr, R.M., Eggertson, M.J., and Dovichi, N.J., 2002. ‘Fully Automated Two-dimensional Capillary Electrophoresis
for High Sensitivity Protein Analysis”, Mol. Cell. Proteo.
Mito, E., Zhang, Y., Esquivel, S., and Gomez, F. A., 2000. “Estimation of Receptor–Ligand Interactions by the Use of a Two-Marker System in
Affinity Capillary Electrophoresis”, Anal. Biochem., 280:209-215.
Norman Smith, N., 1999. “Capillary ElectroChromatography”, Zeneca/SmithKlineBeecham Centre for Analytical Sciences.
O’Farrells, P. H., 1975. “High Resolution Two-Dimensional Electrophoresis of Proteins”, J. Biol. Chem., 250:4007-4021.
Osbourn, D.M., and Lunte, C.E., 2003. “On-Column Electrochemical Detection for Microchip Capillary Electrophoresis”, Anal. Chem., 75:2710–
2714.
Osbourn, D.M., Lunte, C.E., 2003. “On-Column Electrochemical Detection for Microchip Capillary Electrophoresis” Anal Chem., 75, 2710-2714.
Ou, J. P., Wang, Q. G., Cheung, T. M., Chan, S. T., and Yeung, W. S., 1999. “Use of capillary electrophoresis-based competitive immunoassay
for a large molecule.”, J. Chromatogr. B, 727:63–71.
Peacock, A.C., and Dingman, C.W., 1968. “Molecular weight estimation and separation of ribonucleic acid by electrophoresis in agarose
acrylamide composite gels”. Biochem, 7:668-674.
Peterson, R., Grinver, J., Joss, J., Khan, A., and Nevalainen, H., 2009. “Fungal proteins with mannanase activity identified directly from a Congo
Red stained zymogram by mass spectrometry”, J. Microbiol. Methods, 79:374-377.
Progent, F, Taverna, M., Le, P. I., Gopee, F., and Ferrier, D., 2002. “A study of the binding between polymers and peptides, using affinity
capillary electrophoresis, applied to polymeric drug delivery systems”, Electrophoresis, 23:938-944.
Raymer, D.M., and Smith, D.E., 2007. “A simple system for staining protein and nucleic acid electrophoresis gels”, Electrophoresis, 28:746–748.
Richards, E.G., Coll, J.A., and Gratzer, W.B., 1965. “Disc electrophoresis of ribonucleic acid in polyacrylamide gels”, Anal Biochem, 12:452-471.
Rochu, D., Renault, F., and Masson, P., 2002. “Detection of unwanted protein-bound ligands by capillary zone electrophoresis: The case of
hidden ligands that stabilize cholinesterase conformation”, Electrophoresis, 23:930-937 .
Ruess, F.F., 1809. Mem. Soc. Imperiale Naturalistes de Moscow, 2:237.
Scadden, A.D.J., and Naaby-Hansen, S., 2001. “Analysis of Ribonucleases following Gel Electrophoresis”, Met. Enzymol., 341.
Shimura, K., Arata, Y., Uchiyama, N., Hirabayashi, J., and Kasai, K., 2002. “Determination of the affinity constants of recombinant human
galectin-1 and -3 for simple saccharides by capillary affinophoresis”, J. Chromatogr. B, 768:199-210.
Smith, C. J. and Kelleher, P. C., 1973. “α-fetoprotein: Separation of two molecular variants by affinity chromatography with concanavalin Aagarose”, Biochim. Biophys. Acta, 317:231-235.
Smith, J., 1955. “Electrophoretic separation of nucleic acid components”, In E. Chargaff and J.N. Davidson Academic Press, Inc., New York ,
12:67-284.
Starr, C.M., Masada, R.I., Hague, C., Skop, E., and Klock, J.C., 1996. “Fluorophore-assisted carbohydrate electrophoresis in the separation,
analysis, and sequencing of carbohydrates”, J. Chrom. A, 720:295-321.
Taketa, K., and Hirai, H., 1989. “Lectin affinity electrophoresis of a-fetoprotein in cancer diagnosis”, Electrophoresis, 10:562-567.
Triztezza, M., Gerardi, C., Logrieco, A., and Grieco, F., 2009. “An optimized protocol for the production of interdelta markers in Saccharomyces
cerevisiae by using capillary electrophoresis”, J Microbiol Methods, 78:286-291.
Villareal, V., Kaddis, J., Azad, M., Zurita, C., Silva, I., Hernandez, L., Rudolph, M., Moran, J., and Gomez, F. A., 2003. "Partial-Filling Affinity
Capillary Electrophoresis”, Anal. Bioanal. Chem., 376:822-831.
Voet, D. and Voet, J.G., 1995. Biochem 2nd ed.
Wang, J., Chen, G., Chatrathi, M.P., Wang, M., Rinehart, R. and Muck, A., 2008. “Screen-Printed Contactless Conductivity Detector for
Microchip Capillary Electrophoresis”, Electroanal., 20:2416-2421.
Watson, J.D., Baker, T.A., Bell, S.P., Gann, A., Levine, M., and Losick, R., 2004. Molecular Biology of the Gene 5th ed.
Yasuda, T., Nadano, D., Tenjo, E., Takeshita, H., and Kishi, K., 1992. “The Zymogram Method for Detection of Ribonucleases after Isoelectric
Focusing" Analysis of Multiple Forms of Human, Bovine, and Microbial Enzymes 1”, Anal. Biochem., 206:172-177.
Zare, R.N., Kovacs, G.T.A., Reay, R.J., Dadoo, R., and Zhao, H., 1998. J. Chrom. A, 813: 205-208.
Zhang, H.F., Liu, X.W., Wang, W., Wang, X.L., and Tian, L., 2006. “Field-portable Capillary Electrophoresis Instrument with Conductivity
Detection”, J. Physics, 48:725-729.
Zijnge, V., Welling, G.J. Degener, J.E., van Winkelhoff, A.J., Abbas, F., and Harmsen, H.J.M., 2006. “Denaturing Gradient Gel Electrophoresis
as a Diagnostic Tool in Periodontal Microbiology”, J. Clin. Microbiol., 10:3628–3633.

13

